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ABSTRACT 
The simplified methods in current codes for determining 
the shear capacity of reinforced concrete shear walls had 
mostly been validated using the test results of single-element 
shear walls. Rcccntly available J N E S N P E C  test data of 
reinforced concrete shear walls under tnulti-directional cyclic 
loadings provided a unique opporbnity to investigate the 
adequacy of the simplified methods for use in situations with 
strong interaction effects. A total of 11 test specimens with 
aspect ratios between 0.47 and 0.87 have been uscd in the 
assessment. Two simplified n~othods from the ACI 349-01 
standard [l]  and one f io~n  the ASCE 43-05 standard [2] have 
been evaluated. This paper also presents the development of 
an adjustment factor to consider the aspect ratio and the 
developmer~t of two approaches to consider interaction effects 
for one of the simplified methods. It concludes with the 
insights on the applicability of the code methods when 
interaction effects exist. 
INTRODUCTION 
Low-rise reinforced concrete shear walls are very 
common struchlral components in nuclear power plants (NPP) 
and have been designed with simplified  neth hods prescribed by 
ACI codes in the U.S. These simplified methods have been 
primarily validated by thc results of single-element shear wali 
tests that included only the in-plane shear loading. Since NPP 
structures are commonly arranged in either box or circular 
shapes in plan and are subjected to bi-directional horizontal 
loadings (e.g. wind or seismic loads), the impact of the 
interaction of the bi-directional loadings on tire ultimate shear 
capacity ofthc shear walls has not been specifically addressed 
by these si~nplified methods. 
As part of collaborative efforts between the United States 
and Japan on seismic issues, the U.S. Nuclear Regulatoly 
Commission (NRC) and Brookhaven National Laboratory 
(BNL) analyzed test data from a multi-year reinfolced 
concrete shear wall test program conducted by the Japan 
Nuclear Energy Safety Organization (JNBS) and Nuclear 
Power Engineering Corporation (NOPEC). 'The JNESMWEC 
shear wall tests included box-type and eireular-type shear 
walls under multi-directional cyclic loadir~gs and provided a 
unique opporlunity to investigate the interaction effect and its 
implications on the simplified methods specified in design 
codes. A total of I1 tests of box-shaped shear walls with 
aspect ratios between 0.47 and 0.87 have been used in this 
evaluation. 
The simplified methods prescribed by ACI codes have 
commonly been recognized as overly conservative, and have 
also been demonstrated to be quite conservative by recent 
BNL studies using the JNEShWFEC test data. ASCEISEI 
43-05, a recently published standard entitled "Seismic Design 
Criteria for Struchlres, Systems, and Components in Nuclear 
Facilities," also presents a simplified method to compute the 
shear capacity of low-rise concrete shear walls. This metliod is 
reported to predict less conservative arid more accurate sliear 
capacity estimates than the ACI methods. These methods were 
evaluated in this study using the JNESRJUPEC test data to 
assess the accuracy of the methods when considering 
iriteraction effects. 
This papcr describes briefly the siiuiplified methods, the 
relevant JNESRJUPEC tests, the comparison of tlie predicted 
results and the test data, and the insights gained from this 
study. 
CODE FORMULATIONS FOR SHEAR CAPACITY 
ACI 349-01 Chapter  11 Method 
Section 11.10 of ACI 349-01 under Chapter 11, "Shear 
and Tors~on", prescribes the nominal shear strengtfi V,, of 
reinforced concrete shear walls as a summation of the 
contribution from concrete Vc and the contribution from 
reinforcement Ys, 
where Vc takes the smaller valoe of those obtained using 
Equations 2 and 3. The calculated shear strength from 
Equation 1 should be bounded by Equation 5. The parameters 
in the above equations are defined as, 
f; = compressive strength of concrete 
t = wall thickness 
1 = length of wall 
d = 0.8 x I, per ACI 349-01, Section 11.10.4 
Nu - factored axial load normal to cross section 
M,, = factored moment at section 
V, = factored shear force at section 
s2 = spacing of horizontal reinforcanlent 
A, = area of liorizontal reinforcement within distance 
82 
j, = yield strength of reinforcement 
M I .  When expression -"-A in Equation 3 is negative, then 
, 2 
Equation 3 shall not be used. Equation 2 determines the 
inclined cracking strength corresponding to a principal tensile 
stress of approximately 4& ; while Equation 3 calculates the 
shear strength corresponding to a flexural tensile stress of 
6& at a section I,J2 above the section being investigated. 
Section 11.10 of ACI 349-01 specifies that the critical section 
to design for shear is from the base at a distance equal to one- 
half of the smallcr of tlle wall length or the wall height. 
The nominal strength calculation in this paper does not 
consider the strength reduction factor, 4 as described in the 
ACI code and in the ASCE 43-05 standard to be introduced, in 
order to obtain an estimate of the ultimate capacity rather than 
a design allowable value. Similar elimination of the strength 
reduction factor from the nominal skength calculation also 
applies to other methods in this paper for the same purpose. 
ACI 349-01 Chapter  21 Method 
Section 21.6 of ACI 349-01 under Chapter 21, "Special 
Provisions for Seismic Design," provides requirements that 
apply to stmclwal walls that are part of a seismic lateral load 
resisting system. Section 21.6.1 indicates that for shear walls 
with aspect ratio h,jI,, of less than 2.0 (h,, is the height of the 
wall), Uie provisions in Section 21.6.5 for tlie sbcar strength 
can be waived. However, tlie nominal shear strength specified 
in this section will still be considered in this paper for 
purposes of comparison. For an hJl,/i,, ratio less than 2.0, the 
nominal shear strength prescribed in this section can be 
detcimined by, 
in which parameters are defined as, 
ac = 3 for h,jl, -1.5; 2.0 for h,JI, = 2.0; and varies 
linearly in between 
A,, = the net cross-sectional area of a horizontal wall 
segment 
p, = the ratio of  shmr reinforcement on a plane 
perpendicular to plane of A,. 
Arp = tlie cross-sectional area of a horizontal wall 
segment; A ,  equals txl,, for a shear wall with 
solid cross section 
Comparison of ACI 349-01 Chap te r  12 a n d  21 Methods 
The differences in the ACI 349-01 Chapter l l method 
and Chapter 21 method for nominal shear strength calculation 
for low rise shear walls (hJlw < 2.0) are tabulated below. 
2. Effect Length of wall d 0.8 x length 1.0 x length of 
of wall wall (based 
on definition 
of 4) 
N,d 3. Co~np. Load Contribution - None 
41,. 
4. Shear Upper Bound . 10fi td  I O A , ~ ~  
ASCE 43-05 Method 
Barda, et al. [3] developed an einpirical method to 
determine the ultimate shear shengtll of low rise reinforced 
concrete shear walls (aspect ratio h,JI, < 1.0). In this method, 
the ultimate shear (stress) capacity vu of the reinforced 
concretc shear wall is given by 
v. = v,, + v," (8) 
v,. =p, f" (9) 
where, 
v,,, = shear (stress) capacity conhibution &om concrete 
i s ,  = shcar (stress) capacity contribution froin steel 
reinforcement. 
N = normal (beating) load 
p, = vertical steel reinforcenient ratio 
A plot of the concrete strength versus aspect ratio for 
shear walls using the Barda equation is presented in Figure 
C4-I of the ASCE 43-05 standard. Results from various tests 
are also shown on this plot for comparison. The test data 
points correspond only to the contribution of concrete (i.e., 
without the contribution from steel). 
B = 0 for hJlW < 0.5; 1 for hJIw > 1.0; and varies 
linearly in between 
The combination of the Barda equation for concrete 
(Equation 10) and the expression for steel (Equation I I) is 
referred to in this paper as the Borda et a1  Method. 
It should be noted that when the horizontal and vertical 
reinforcement ratios are the same, the reinforcement 
contribution to the shear capacity given by the Barda et al. 
method (Equation 11) becomes the same as the ACI code 
requirement given in Equation 4 and the Barda method given 
by Equation 9. 
ASCEISEI 43-05 is a recently published standard that 
provides performance-based and risk-consistent seismic 
design criteria for structures, systems, and components (SSC) 
in nuclear facilities. This standard provides an alternate 
method that could be used in place of tlie ACT 349-01 methods 
for calculating the shcar strength of low rise reinforced 
concrete shcar walls. Section 4.2.3 of ASCE 43-05, "Capacity 
of Low RisevConcrete Shear Walls," provides the following 
equation to calculate the ultimate shear strength of low rise 
shear walls (hJ1-5 2.0), 
.". . . 
in which p, is Lhe effective steel ratio. The ASCE 43-05 
shear capacity equation is almost identical to the Barda et al. 
method formolatio~i. The Barda et nl. method applies to walls 
of aspect ratio h,JI,, < 1.0; while the ASCE 43-05 method 
applies to walls of aspect ratio hJlW J(, 2.0. Parameters A and 
Bare given as follows: 
A = 1 for h,Jlw 5 0.5; 0 for hJltJI,, > 1.5; and varies 
linearly in between 
B = 0 for hJlw N, 0.5; 1 for hJlW > 1.5; and varies 
linearly in between 
Reinforcement ratios p, and pu in Equation 13 are 
: required to be less than or equal to 0.01. If p, or p, is greater 
As indicated by Cover, et al. [4], the expressions given than 0.01, thenp,,shall be limited to 0.01. 
above for calculating the contribution of the steel 
reinforcement were modified to reflect the data ofShiga, et al. Using the shear capacity, the 111timate shear shength is 
[5]; Cardenas, et 81. [6] ;  and Oesterle, et 81. [7 ] .  The revised given by: 
equation for vz,, to consider the conhibution of tlie horizontal V, = v,,d t 
and vertical steel reinforcemnent is given by, (15) 
(11) 
where d is the distance from the exhelne compression fiber to 
v,. = ( A P . . + B P , ) ~ ,  the center of force of all reinforcement in tension which may 
where, be detcrmined from a strain coinpatibility analysis. In lieu of 
p, = horizo~~tal steel rei~~forcemenl ratio an analysis, d equal to 0.6 x I ,  can be used. 
A" = 1 for h,Jl,, J(, 0.5; 0 for hJlW > 1.0; and varies 
linearly in between The ASCE 43-05 methodology is very similar to the Barda et al. tbrmulations described earlier. The differences 
primarily relate to the definition of low rise shear walls (h,JI,, 
less than or equal to 2.0), calculation of the A and B 
parameters, limitation on p, and p., and a reduced distance "d' 
to he  used to calculate total sl~ear strength from tlie unit shear 
stress v,. 
All of the JNES test specimens to be iiitroduced in the 
next section have equal steel rei~iforcement in the horizontal 
and vertical directions @, = p,, = 0.012). Therefore, the steel 
ratio p,, will equate to the same value 0.012, regardless of the 
differences in calculating the parameters A aiid B. The 
limitation on p,,, wlie~i p, or p, is greater than 0.01, still 
remains a difference froin tlie prior description of tlie Barda el 
al. method. Regarding the reduced value of d = 0.6 x I, 
(rathe; dian 0.8 X Id, a conservative factor of0.6 was selected 
in ASCE 43-05 to account for walls that may liave a low ratio 
of vertical reinforcenient, no integral perpendicular end walls, 
and only a small compressive load. All of the JNES test 
specimens utilized in this paper have a high ratio of vertical 
reinforcement with integral perpendicular cnd walls, an11 
significant compressive loads; therefore, For comparison with 
tlie JNES test data, it would be unreasonable to use the 0.6 
factor. For these walls the Factor of 0.8 will be utilized instead. 
Based on the above discussion, for the JNES test specimens 
the only difference remaining lies in the limitation on tlie steel 
ratio p,,, which For the ASCE 43-05 method, reduces the value 
froin0.012 to0.01. 
RELEVANT JNESINUPEC SHEAR WALL TESTS 
JNESNLPEC conducted tests of 11 box type shear walls 
that were subjected to uni- and inulti-directional cyclic 
loadings [X, 91. Figure 1 shows a typical box type shear wall 
specimen. Among the 11 specimens, 8 box type shear walls 
were tested using uni-directional loadings at angles 0°, 26.6', 
and 4S0, and 3 walls were tested using multi-directional 
loadings that include rectangular, cross, and diagonal cross 
loading scenarios, as shown in Figure 2. As shown in tlie first 
column of Table I, Ole specimen ID "SD-NS-ND" series 
represent the speciniens subjected to t l~c  uni-directional 
loading with NS as the sliear span ratio (MIQd) and ND as the 
loading angle (degrees), while the speciniens io the "SB-B- 
NN" series are the ones subjected to niulti-directional loading 
with NN equal to 1, 2 and 3 as the indicator for rectangular 
loading, cross loading, and diagonal cross loading 
respectively. The shear span ratio for the "SB-B-NN series is 
0.8. 
The information for these tests that is pertinent to the use 
of the simplified methods is presented in Table 1, in which the 
specimens are ordered based on their sliear span ratio. The 
specimens presented in the first tliree rows have a shear span 
ratio of 0.6, the ones in the shaded six rows in the middle have 
a shear span ratio of 0.8, and the ones in the last two rows 
have a shear span ratio of 1.0. All specimens liave the same 
dimensiohs in plan view, which is a square witli each side 
having a length of 1.5 m (center to center distance behveen 
two flange walls). The sliear walls in both directions for all 11 
specimens have a thickness of 75 imn. Time heights of tlie 
wails for the 3 shear span ratios are 0.7 In, 1 m, 1.3 m 
respectively, which results in aspect ratios of 0.47, 0.67, and 
0.87 respectively. The loading slab on the top of the shear 
wells has a thickness of 400 mm for all 11 specimens, and the 
displacement-controlled loading is applied at the mid height of 
the loading slab. The specimens arc fixed to the base slab in 
the tests. 
Also listed in Table I arc tlie uniaxial coinpressive 
strength f; of the concrete and the yield strength ,fV of the 
rebars. The maximum shear strength of the walls in either 
liorizontdl direction obtained froin tlie tests is designated as 
V, (strength of 2 wails in parallel) and is tabulated in tliis 
table, as well as the maximum (resultant) vector shear stre~igth 
Vw of the box type walls. The starred VM values in Table I 
arc calculated using tlie maximum vector shear strength and 
tlie loading angle. It is important to observe that both Vmand 
l/w represent the same maximuln loading that the test 
spccimen can take. 
All 11 shear wall specimens have double layer 
reinforcement of 6 mm diameter rebars at 70 mm spacing in 
both horizontal and vertical directions, w h ~ c h  result i s  a 
reinforcement ratio of 1.2% for both directions. Vertical 
compressive loads were applied in all tests to simulate an 
equivalent constant axial stress of 1.47 MPa at the top of the 
wall, a typical value for the lower story of NPP slruchlres in 
Japan. 
'The subsectiorms that follow mitilize the above test 
specinien properties to calculate the shear wall capacities of 
the box type structures using the ASCE 43-05 ~netliod and the 
ACI 349-01 methods. The lengths of tlie walls I ,  all 
correspond to the same center-to-center dimension 1.5 nl. 
Also, the two walls in parallel are considered as one wall with 
the thickness doubled. 
APPLICATION O F  ASCE 43-05 METHOD 
Ultimate S h e a r  S t reng th  Comparison 
Following the same order of specimens listed in 'Table 1, 
Table 2 shows the results for all 1.1 cases using tlme ASCE 43- 
05 method. VI, is the ultiinate shear strengtlx calculated using 
the ASCE 43-05 method. The data listed in colunins labeled 
VUNV?. and V"/Vm are the ratios of the calculated ultimate 
shear strength to the resultant maximum vector shear strength 
and the same calculated ultimate sliear strength to the 
maximum shear strength from the tests. Also listed in Table 2, 
the magnitude of VV?. / V m  indicates the significance of the 
(concurrent) bi-axis shear force effect at the time of failure of 
the soecimens. For examole. Vur/Vur = I for s~lecimcn SD-06- 
. .  .... 
bi-axial shear forces achieve their niaximum at the sanie time. 
The ratio of Vw/Vh, is therefore referred to as the interaction 
intensiry in this paper. The aspect ratio of the walls, an 
iml~ortaiit factor used later in this subsection, is also listed in 
Table 2. 
Several observations can be made based on the ralios in 
Table 2. By examining Vu/V, where a valuc greater than one 
means over-prediction by thc ASCE 43-05 method, tl~ere 
appears to be two factors that rnay affect the accuracy of tliis 
method. The first factor is the aspect ratio. Vu/Vmis between 
0.82 and 1.09 for an aspect ratio of 0.47, betwccn 0.92 and 
1.20 for an aspccf ratio of 0.67, and between 1.09 and 1.41 for 
an aspect ratio of 0.87. In particular, when the interaction 
intensity is minimal, ie . ,  Vy,/Vm = I, V(,/V,. increases from 
0.82 to 1,09 as the aspect ratio increases. The data sueeests 
that as the aspect ratio increases, the ASCE 43-05 method 
tends to over predict the shear strength to some extent. This 
observation is also consistent with the trend shown in Figure 
C4-I of the ASCE 43-05 standard. The second factor is the bi- 
axial shear force effect (interaction intensity). For any given 
aspect ratio, as the interaction intensity (Vvr/V~?) increases, 
the ASCE method tends to over predict the shear strength. 
As shown in Table 2, the ratios of Vu/Vy, are smaller than 
one except for the case of specimen SD-10-00 whcre no bi- 
axial shear force effect is present. Vu/V,, generally increases 
as tlie aspect ratio increases: between 0.76 and 0.82 for an 
aspect ratio of 0.47, between 0.85 and 0.93 for an aspect ratio 
of 0.67, and between 1.0 and 1.09 for an aspect ratio of 0.87. 
For any given aspect ratio, VU/VYI. appears to decrease slightly 
as the bi-axis effect increases. 
These observatio~is will be investigated analytically in the 
next two subsections, to assess how onc could adjust the 
ASCE 43-05 method in order to more accurately predict the 
strengths in these tests. The discussion will be categorized into 
two approaches: onc considers the strength adjusttnent based 
on a single wall and the other considers the strength 
adjustment based 011 treating the specimen (four walls) as an 
overall-box structure. 
Single-Wall Strength Adjustment Approach 
The ASCE 43-05 method, as well as the Barda et al. 
method which it is based on, have been developed to calculate 
tlie shear strength of a single wall. Therefore, comparing VU to 
Vnrr for accuracy assessment appears to be a reasonable 
approach. However, the ratios of Vu/Vm as shown in Table 2 
are scattered above and below 1.0, and if taken literally, do not 
conclusively suggest any conservative or unco~iservative 
observation. The ASCE 43-05 method considers only tlie 
vertical load effect, leaving out moments arid the out-of-plane 
shcar force that can coexist in a shear wall. However for the 
tests, the in-plane shear force and the other forces did coexist 
at failure of the walls and the interaction between them can 
lead to a lower shear capacity. For the ASCE 43-05 method to 
be applicable to situations where multiple internal forces exist 
at the same time, it is important to take these interaction 
effects into account. 
The consideration of interaction effect is sirnplifizd herein 
by utilizing the interaction intensity V Y I . / V ~ .  Figure 3 shows 
four regression analyses that fit the various permutations of 
tlie test data into power functions. The thick fined curve is for 
all I1 cases, while the 3 thin fitted curves correspond to the 3 
different aspect ratios. It is clear that the fit is iiot good if all 
I I cases are considered at tlie same time, as indicated by the 
lower R' value (0.59), which represents the variance reduction 
by the regrcssion. I-lowever, if thc influence of the aspect ratio 
is considered, by using the three separate curves, the 
regression equations achieve a very tight fit to the data. This 
finding from Figure 3 agrees with those obscrvatio~is 
discussed previously. 
By assumrng a gcneral form of the power regression 
equation 
whcre F is a linear Function of the aspect ratio h,. / I , ,  a least- 
stiliare minimization of the predicted error in -% yields the 
v, 
following optiinum regression equation, 
0.8 
LF[& 
vw (17) 
F =0.5+0.65% 
1," 
Table 3 compares Vu/Vmpredicted by Equation 17 witli 
VU /Vm obtained using ASCE 43-05 for all 11 tests. The 
median ratio of Equation 17 over ASCE 43-05 for computing 
VU/Vm is 1.002. The logaritlimic standard deviation AvN of 
the ASCE 43-05 Vu / V m  with respect to the regression 
equation is o ~ d y  0.024. This shows that Equation 17 closely 
represents Vu/V,calculated using ASCE 43-05 for all l l test 
cases. 
Equation 17 can be explained further by examining two 
contributing factors: the bias of the ASCE 43-05 method for 
VU for these 11 cases and the interaction effect. First, 
considering a scenario where the interaction does iiot exist, i.e. 
Vvr/Vm= 1, Bquation 17 is then simplified to 
In this expression, F, which is a function of h, , i l ,v ,  indicates 
the deyee of bias of the ASCE 43-05 method. Table 4 
presents tlie calculated values of F over the range of aspect 
ratios that can bc used with tlie ASCE 43-05 method. The 
shaded rows represent the range of the aspect ratios in the 
tests, and the nos-shaded rows conespond Lo extrapolated 
values. F meater than one indicates that the ASCE 43-05 
method produces an unconservative shear strengtli. As 
indicated in Table 4, for any aspect ratio greater than 0.77, the 
ASCE 43-05 equation becomds uncons~rvative. In addition, 
the ASCE 43-05 method might become significantly maximum vector forces for these 6 box type specimens fall 
unconservative when h.,/l, exceeds 1.0 and might be outside a unit circle. This trend has also been obselved 
.. .. 
significantly conservative whcn h,l i , ,  is less than 0.5. Since 
the aspect ratio of 0.9 results in less than a 10% 
unconservative bias, caution should be used when applying the 
ASCE 43-05 method for h,  1 1 ,  ratios that exceed 0.9. 
The second contributing factor in Equation 17 is the 
interaction effect from bi-axis shear forces, u4iich is given by 
( V ~ / V ~ ) " . ~  This term was calculated for tlie possible range 
of Vw/Vm, and is tabulated in Table 5. The interaction effect 
always introduces an unconseivative bias to the shear strength 
estimated by the ASCE 43-05 equation. However, if the VW 
/Vm <I. l2 ,  i.e., the interaction intensity is not significant, this 
bias is less than about 10% and for practical purposes could be 
neglected. For the purpose of simplifying the application, (VW 
  can be approximated as a linear function, 
and the enor introduced is less tl~ao 1% for all possiblc values 
of VyrNnlT. 
Although the interaction effect is unconservative, its 
conibination with the F factor may lead to a larger range of 
applicable scenarios, especially for shear walls in nuclear 
power plants that typically have an aspect ratio less than 1.0. 
Figure 4 shows a series of Vo/VM contour curves on the Vw 
/Vw - h,/l, plane, where any point below tlie curve "V, 
/ V M ~ l "  indicates a conservntive case for the ASCE 43-05 
method. For example, wlien the aspect ratio is 0.5, tile ASCE 
43-05 method can still predict a conservative shear capacity 
for any interaction intensity Vw/Vm < 1.27, rather than the 
criteria V W / V ~  X1.12 discussed above. It also confir~ns that 
for any aspect ratio greater than 0.77, the ASCE 43-05 
equation inay become unconservative in spite of the 
interaction effect. F i y r e  5 shows the same contour curves in 
terms of the loading angle, which is defined as the angle 
between the wall and the resultant vector shear force, and has 
a maxiinum value of 4.5'. For the sanie wall, having an aspcct 
ratio of 0.5, the loading angle can be as high as 38' for the 
ASCE 43-05 method to still predict conservative results. 
Tliese figures also show that for walls with an aspect ratio less 
than 0.4, the interaction effect can be neglected (liresuming 
tint Equation 17 still holds beyond the aspect ratio range of 
[0.47,0.87]). 
Overall-Box Strength Adjustment  Approach 
111 assessing the effect of bi-axis shear loading, Hiroshi, et 
al. 191 normalized the maximum vector shear forces bv the one 
previously in this report using Table 2. A similar approach, 
with the shear strcngth calculated using tlie ASCE 43-05 
method, is developed below in order to examine the 
interaction effect considering the overall-box structure. 
Let Vx and Vv denote the shear forces at failure in the X 
and Y directions from thc tests, respectively, and VU be tlie 
shear strengtl~ of two parallel walls calculated using the ASCE 
43-05 method. Then, the unit circle, defined similarly to that 
by IIiroshi [9], can be expressed as 
Figure 6 shows the normalized shear folces in tlie X-Y 
plot, where all of the data conservatively fall outside the unit 
circle defined by Equation 20, with one exception 
corresponding to the SD-10-00 specimen. In another words, 
the ASCE 43-05 lncthod conservatively predicts the resultant 
vector for all specimens except for one casc if the design had 
been done in terms of the overall struchlre. 
Equation 17 can be transformed in10 the following 
equation, 
where tlie right hand side represents any bias that the 
interaction intensity VW/Yw may introduce to Equation 21, 
and Vo/F is the shear strength by the ASCE 43-05 method, 
adjusted to account for the aspect ratio. The bias term (VW 
/V~) ' , '  and its approximate linear form have been tabulated in 
Table 6. It is obvious then that the conservative bias 
inhoduccd by the interaction is only 7.2% as a maximuln 
value. Figure 7 slrows the maximuln vector shear forces that 
are nom~alized by VdF, and also demonstrates that a bias 
(deviation from the unit circle) grows slightly in the 
conservative direction as the interaction intensity V,. /VM 
increases. This figure also exhibits much smaller variation in 
the normalized vector shear forces than those in Figure 6 .  
In this approach, the bi-axis shear force effect is directly, 
accounted for by Equation 21. Therefore, aiter the bias 
introduced by the ASCE 43-05 method (factor f l  has been 
removed, the test results are very close to the unit circle with 
just a small additional bias. 
. . 
directional shear strength calculated using a Japanese concrete 
desian standard. and vlotted the normalized maximum vector Discuss ions  o n  Application of ASCE 43-05 Method 
" . . 
shear forces on the X-Y plane. Tliis plot included the data for For shear walls with sinall or no interaction offects in the 
6 box type specimens which have an aspect ratio 010.67 and loading, the use of the ASCE 43-05 mctliod has been shown to 
one cylindrical type specimen. This plot shows that the be very close and in most cases conservative when compared 
to the JNESNIJPEC tcst results based on walls having aspect direction independently so Long as the bi-axis shear 
ratios in the r a n ~ e  of 0.47 to 0.87. For walls wit11 more comnonents are uncorrelated. 
significant interaction effects, and to imnprove the accuracy of 
~redictina shear wall streneths for walls with small and no APPLICATION OF ACI 349-01 METHODS 
~nteractio; effects, an adjustment should be applied to the Ultimate shear strengths of the I I test specimens wcre 
ASCE 43-05 method. calculated using the AC1 349-01 Chapter 11 and 21 methods 
In both the single-wall approach and the overall-box 
approach, tlie bi-axial effect is considered in a simplified 
fashion using the interaction intensity V,,/V,,: For general 
nuclear power plant structures that t~sually do not resemble the 
test specimens in terms of equal shear strengths in the hvo 
horizontal directions, symmetric wall configurations, and 
other aspects, these simplified approaches may not necessarily 
be applicable. 
and compared o the test results in two ways: (I)  cornparing 
the maximuni shear of the two test directions and (2) 
comparing the maximum resultant vector shear of the bi-axis 
shears. A regression analysis was not performed for these two 
methods because it is understood that ACI 349-01 metliods 
were developed with inherent conservatism for design 
purposes and a regression analysis would 1101 yield much 
useful insights. 
To enhance the accuracy of the ASCE 43-05 method, an ACI 349-01 Chapter 11 Method 
adjustment factor should be applied. This adjustment factor Table 7 presents the predicted (calculated) shear wall 
can be represented very well by a linear function of the aspect strengths, Vu , for the 11 specimens using the ACI 349-01 
ratio. In addition, application of the ASCE 43-05 method Chapter I i method. The calculation of the shear strength for 
should be cautioned for shear walls having an aspect ratio all 11 cases is governed by the upper bound limit of l ~ l d f i ,  
greater than 0.9. 
as defined by Equation 5. The tabulated data in the columns 
labeled vU/iyr &d V o N m ,  in Table 7, are tlle ratios of the With the lo the 43-05 method' both predicted shear capacity to the (resultant) vector test result and approaches can accurately account for the bi-axial effect. The 
to the maximum test result in botli directions. Reviewing the 
apparent high level of conservatism in Vu/Vw can be removed 
by taking out the bias from the ASCE 43-05 method. The ratios VU /Vn. and VdVm indicates that the ACT 349-01 
conservative bias introduced by the interaction effect is Cliapter 11 method is conservative for all cases. The level of 
conservatism is very large for smaller aspect ratios and 
considered small. diminishes as tlie aspect ratio increases to 0.87. 
Generally, the interaction should be dealt with in an 
analytical way, rather than simply addressing it in terms of the 
level of  conservatism or unconservatism. However, for certain 
ranges of shear walls (in terms of aspect ratio) and certain 
loading cnnditions, the interaction effect may be negligible. 
For very small aspect ratios, the interaction effect can even be 
totally neglected no matter how severe it is. 
In the case of nuclear power plant design, the common 
practice is to demonstrate that tlie tkee  seismic input motions 
are statistically independent from one another. When the 
seismic loads in both horizontal directions are statistically 
uncorrelated, the shear forces Vx and Vy  can be combined 
probabilistically in accordance with the lOO-4040 rule: 
where V, (also VW) is the larger of Vx or Vy, and V2 is the 
lesser value. The maximum interaction intensity Vm/Vm is 
only: 
V 
-EL = 41' +04 '  = I  ,077, 
Vur 
(24) 
which corresponds to a loading angle of 21.X9. The 
unconservatism from the interaction effect is only 6.1% 
((1.077)~'=1.061 fiom Equation 19). Thus, no significant 
unco~iservative bias is introduced by considering each 
AC1 349-01 Cl~apter 21 Method 
Table 8 presents the predicted shear wall strengths for the 
11 specimens using the ACI 349-01 Chapter 21 method. The 
calculation of the shear strengtli for all 11 cases is also 
governed by the upper bound limit of 1 0 ~ ~ ~ f i  , wh cl~ is 
higher than the 10ld$ used in the ACI 349-01 Chapter I1 
method. The ratios of Vu /VW and Vu /VW show that this 
method is also conservative for all cases except for SD-10-45. 
The level of conservatism is large for s~naller aspect ratios and 
diminishes as the aspect ratio increases. In the case of SD-10- 
00, which corresponds to the loading in the plane of the wall, 
the approach is still somewhat conservative. However, when 
the interaction effect is present in the test (i.e., specimen SD- 
10-45 with a 45" loading angle), the ratio of Vu/Vm is greater 
than one indicating that the predicted strength is 
unconservative. If the interaction effect is directly considered 
as in the Vu/Vw tcrm, it results in a conservatively predicted 
value. The interaction intensity VW/VW for specimen SD-10- 
45 is at its maximum value of 1.414, which is however 
unlikely to be practical in a typical seismic design setting. As 
discussed previously, if the seismic loads are combined 
probabilistically in accordance with the 100-40-40 rule, the 
interaction intensity is limited to only 1.077. This level of 
interaction would not be likely to introduce a significant 
unconservative bias to tlie predicted shear strength for this 
specimen 
Both ACI 349-01 n~ethods appear to be quite conservative 
for walls with low aspcct ratios (i.e., less than about 0.9), 
which is consistent with the data shown in Figure C4-1 of the 
ASCE 43-05 standard. 
It should be noted that the above rcsul$ using the ACI 
349-01 Chapter 11 and 21 methods are based on the 
J N E S W E C  test specimens and so caution should be 
exercised in extrapolating the conclusions to other 
configurations/dcsigns. 
CONCLUSIONS 
The JNESMUPEC test results from 11 box-type 
reinforced concrete shear wall specimens were used for 
assessing the ultimatc shear strength estimated by simplified 
methods that are commonly used or intended for use in the 
nuclear industry. The tests included various uni-directional 
and multi-axial cyclic loads. Tllese shear wall specitncns have 
aspect ratios in the range of 0.47 -- 0.87. These test data offer 
a valuable opportunity to assess the adequacy of simplified 
methods that have been mostly validated using results of 
single-element shear wall tests. The simplified methods 
considered in this paper are two methods in Chapters 11 and 
21 of ACI 349-01, and one from ASCE 43-05. 
For the AC1349-01 methods, the computed ultimate shear 
strengths were compared against tho tcst results in terms of the 
maximum shear of the hva directions and the resultant of the 
bi-axis shears. As expected, the comparison showed that the 
ACI 349-01 methods appear to be quite conservative. The 
level of conservatism is large for smaller aspect ratios and 
reduces 8s the aspcct ratio increases. In addition, the 
interaction intensity which measures bi-axial interaction effect 
also reduces the conservative margin. No significant un- 
conservative bias is introduced when the bi-axial scisinic loads 
are combined by the 100-40-40 rule. 
For the ASCE 43-05 method, a regression equation 
involving the interaction intensity and an adjustment factor F 
was established to closely correlate the calculated shear 
strcngth to the test data. The adjustment factor F was 
determined to be a linear function of the aspect ratio. For shear 
walls with srnall or no interaction effect, this method predicts 
conservative shear strength for walls of aspect ratios less than 
0.77, and over-predicts the shear strength for walls of higher 
aspect ratios. Direct application of this method should be 
cautioned for shear walls having an aspect ratio greater than 
0.9 as the unconservatisn~ can be significant. The ASCE 43-05 
method can be made very accurate by applying the adjustment 
factor F, provided that the regression equation is still valid 
beyond the aspect ratio range of 0.47 - 0.87 for the 
JNES/NUPEC test specimens. The interaction effect adversely 
affects the conservatism of this method. For walls with large 
interaction effect, the shear strength calculated using this 
method can be very close to the test data if the interaction 
effect is treated appropriately using the two approaches 
discussed in the paper in addition to the application of the 
adjustment factor F. 
When the two horizontal components of a scismic input 
motion are statistically independent of each othcr, the 
interaction effect could be neglectcd in application of the 
ASCE 43-05 method if the seismic shear forces are combined 
using the 100-40-40 rule. In this cibse, the unconservatism by 
neglecting the interaction effect is only 6.1%. Thus, no 
significant un-conservative ,bias is introduced by considering 
each direction independently so long as the bi-axis shear 
con~ponents are uncorrelated. 
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TABLE 1 SPECIMEN PROPERTIES AND 
SHEAR STRENGTHS 
TABLE 2 SUMMARY OF RESULTS USING 
ASCE 43-05 METHOD 
v w  Specimen hw /',. Vii(kN) Vo/Vm Vu/Vur ,, 
TABLE 3 COMPARISON OF PREDICTION EQUATION 
TO TEST RESULTS 
Ratio ASCE43-05 Eq. 17 . Eq, 17 Specimen 
vun'm v " ' V ~ ~  / ASCE 43-05 
SD-06-00 0.821 0.804 0.979 
SD-06-26 0.852 0.879 1.031 
TABLE 4 VALUES O F F  
h... 11. F 
TABLE 5 INTERACTION EFFECT IN EQ. 17 
TABLE 6 INTERACTION EFFECT IN EQ. 22 
TABLE 7 SUMMARY OF RESULTS USING 
ACI 349-01 CHAPTER 11 METHOD 
Specimen h ,  vu (m) vu/vvr vU/v,, 
SD-06-00 0.47 828.14 0.491 0.491 
SD-06-26 0.47 807.65 0.450 0 504 
TABLE 8 SUMMARY OF RESULTS USING 
ACI 349-01 CHAPTER 21 METHOD 
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